Gilbert damping in precessional spin dynamics has been investigated in defect-controlled epitaxial grown Fe3O4(111)/YSZ films by all-optical pump-probe measurements. It is demonstrated that the perpendicular standing spin wave (PSSW mode) is exclusively observed in the annealed film without atomic defects. The numerical simulation results confirm the presence of a standing wave in addition to the coherent magnetic precession (Kittel mode). The intrinsic damping constant α0 = 0.063 ± 0.010 of the annealed Fe3O4 film was found to be strikingly larger than that of the as-grown film of α0 = 0.039 ± 0.004. Our work has demonstrated that the PSSW mode leads to the enhancement of the Gilbert damping associated with the emergence of an additional energy transfer channel from the excited magnon to the uniform spin precession in the defect free Fe3O4. The photo-induced precessional spin dynamics in various magnetic materials has attracted significant attention since the observation of the uniform magnetic precession (Kittel mode) and the corresponding first-order perpendicular standing spin wave (PSSW mode) in Ni films by the all-optical pump-probe technique [1] [2] [3] . After excitation by a femtosecond laser pulse, besides uniform magnetic precession (Kittel mode), different spin wave modes (excited magnons) can be stimulated including first-order perpendicular standing spin wave (PSSW) and Damon-Eshbach dipolar surface spin waves (DE modes) [4] . Compared to the ferromagnetic resonance (FMR), this photo-induced precessional spin dynamics is more sensitive to multi-mode spin waves since FMR selection rules allow only excitations with a net magnetic moment [1, 5] . At the same time, all-optical pump-probe measurement allows the determination of the magnetic Gilbert damping α [6, 7] , which is a key parameter for magnetic data recording and the next-generation spintronic memory devices such as Magnetoresistive Random Access Memory (MRAM) [8] . The ultimate spin switching time is inversely proportional to the damping constant [9] and a high value of damping constant is required for the high density magnetic recording. However, for the STT-MRAM, a small damping constant is favorable in order to reduce the critical switching current and, consequently to minimize power consumption [10, 11] . Therefore, understanding and controlling the magnetic damping is of crucial importance. However, the significance of various spin wave modes or excited magnons to the overall damping are far from clear.
Gilbert damping in precessional spin dynamics has been investigated in defect-controlled epitaxial grown Fe3O4(111)/YSZ films by all-optical pump-probe measurements. It is demonstrated that the perpendicular standing spin wave (PSSW mode) is exclusively observed in the annealed film without atomic defects. The numerical simulation results confirm the presence of a standing wave in addition to the coherent magnetic precession (Kittel mode). The intrinsic damping constant α0 = 0.063 ± 0.010 of the annealed Fe3O4 film was found to be strikingly larger than that of the as-grown film of α0 = 0.039 ± 0.004. Our work has demonstrated that the PSSW mode leads to the enhancement of the Gilbert damping associated with the emergence of an additional energy transfer channel from the excited magnon to the uniform spin precession in the defect free Fe3O4. The photo-induced precessional spin dynamics in various magnetic materials has attracted significant attention since the observation of the uniform magnetic precession (Kittel mode) and the corresponding first-order perpendicular standing spin wave (PSSW mode) in Ni films by the all-optical pump-probe technique [1] [2] [3] . After excitation by a femtosecond laser pulse, besides uniform magnetic precession (Kittel mode), different spin wave modes (excited magnons) can be stimulated including first-order perpendicular standing spin wave (PSSW) and Damon-Eshbach dipolar surface spin waves (DE modes) [4] . Compared to the ferromagnetic resonance (FMR), this photo-induced precessional spin dynamics is more sensitive to multi-mode spin waves since FMR selection rules allow only excitations with a net magnetic moment [1, 5] . At the same time, all-optical pump-probe measurement allows the determination of the magnetic Gilbert damping α [6, 7] , which is a key parameter for magnetic data recording and the next-generation spintronic memory devices such as Magnetoresistive Random Access Memory (MRAM) [8] . The ultimate spin switching time is inversely proportional to the damping constant [9] and a high value of damping constant is required for the high density magnetic recording. However, for the STT-MRAM, a small damping constant is favorable in order to reduce the critical switching current and, consequently to minimize power consumption [10, 11] . Therefore, understanding and controlling the magnetic damping is of crucial importance. However, the significance of various spin wave modes or excited magnons to the overall damping are far from clear.
It was proposed that the multi-mode spin waves would affect the Gilbert damping due to the interaction between spin waves and itinerant electrons [12, 13] . Very recently, a Gilbert-type damping contribution to first-order PSSW due to intralayer spin pumping has been identified [14] . The observed modes convergence has suggested the correlation between the Kittel, DE and PSSW modes [5] . However, the influence of the stimulated PSSW on the Gilbert damping has not yet been addressed. To investigate the effect of the stimulated spin wave on the Gilbert damping and the inter-mode energy transfer, as-grown and annealed Fe 3 O 4 films were chosen because of the different density of defects including antiphase boundaries (APBs) and twin defects. Half metallic Fe 3 O 4 is one of the most promising materials for spintronics due to having close to 100% spin polarization at the Fermi level, which will lead to highly efficient spin injection and transport. APBs are structural defects formed during the film growth originating from the mismatch between Fe 3 O 4 films and substrates [15] and their low formation energy means that they are commonly observed in thin film samples [16, 17] . In addition to APBs, it was recently demonstrated that as-grown films can have also significant numbers of twin defects [18] . Because of the presence of antiferromagnetic superexchange interactions across the APBs the magnetic and electrical transport properties are strongly affected, such as negative magnetoresistance (MR) [19, 20] and very high magnetic saturation fields. It is known that the twomagnon scattering process is critical for spin-wave behaviour [21] . Defects and surface roughness are key to induce the two-magnon scattering due to the translational symmetry breaking, allowing scattering processes where the wavevector k is not conserved, resulting in defectinduced linewidth broadening in FMR [22] [23] [24] [25] . In our case, we expect that there is no spin wave mode except uniform magnetic precession in the as-grown film because of the strong two-magnon scattering process resulting from the large density of APBs or other defects, while PSSW could be stimulated in annealed single crystal films of high atomic quality. Using a fieldinduced pump-probe technique with a picosecond resolution, different Gilbert damping constants were obtained in Fe 3 O 4 /GaAs and Fe 3 O 4 /GaN films [26, 27] . A recent FMR measurement found that the effective damping of Fe 3 O 4 /MgO is thickness-dependent [28] . These works indicate the significant effect of the subtle structural differences on the dynamic properties of the Fe 3 O 4 thin films. In this work, we have engineered the atomic scale structures of the Fe 3 O 4 films by PLD growth and annealing, and found that the PSSW mode only exists in the defect free annealed Fe 3 O 4 film, supported by theoretical simulations. More importantly, in contrast to general belief, the Gilbert damping of the defect free Fe 3 O 4 film was found to be significantly larger than that of the as-grown film with defects, revealing the significant coupling effect between the non-uniform PSSW and the uniform Kittel mode process.
The Fe 3 O 4 films were prepared on Yttria-stabilized Zirconia (YSZ)(111) substrates by pulsed laser deposition (PLD) methods using a KrF excimer laser (wavelength is 248 nm, pulse duration 20 ns). During deposition, the substrate temperature was held at 300
• C in an oxygen partial pressure of 2 × 10 −4 Pa one of the as-grown samples was annealed in an image furnace at 1100
• C for 30 minutes in a CO/CO 2 atmosphere with ratio of 1:5000 to reduce the defects and to achieve conditions for stable Fe 3 O 4 phase [19] . To compare the structural properties and the defect condition between these two films, transmission electron microscopy (TEM) observations and electron diffraction have been performed using a JEOL 2011 operated at 200 kV. From the TEM images shown in Fig. 1 (c) and (f), it is demonstrated that the annealed Fe 3 O 4 film contains a lower density of defects, including APBs and twin defects, compared to the as-grown film. To investigate the Gilbert damping constants of the pair of Fe 3 O 4 films, an all-optical pump-probe technique has been employed which is also known as time-resolved magneto-optical Kerr effect (TR-MOKE) measurement [29] . (details in Supplemental Material). The TR-MOKE results for both as-grown and annealed Fe 3 O 4 samples are presented in Fig. 1(b) and (e) under a pump fluence of 5.09 mJ cm −2 . Initially, the magnetization of the film is in a direction determined by the combination of anisotropy field and externally applied field. The initial rapid decrease in magnitude of the magnetization within 1 ps after the pump pulse excitation is the ultrafast demagnetization resulted from a photonelectron-spin interaction. Meanwhile, the local magnetic anisotropy is reduced due to the thermally induced magnetization fluctuations. The heat-induced changes in saturation magnetization and anisotropy force the magnetization to move to a new equilibrium direction. On cooling after the laser pulse the original values of saturation magnetization and anisotropy are recovered, resulting in a precessional motion of the magnetization towards the original equilibrium directions. This process takes hundreds of picoseconds and during this phase it is possible to determine both the precession frequency and the damping constant.
The external field applied is varied and the field dependence verifies the magnetic precession which is equivalent to ferromagnetic resonance to some extent. To qualitatively analyze the precessional curves, a phenomenological formula is applied to fit the results: (1) where τ i and f i are the relaxation time and the precession frequency, respectively. The sum of two damped sinusoidal functions is only used to fit the transient magnetization curves of the annealed film in the high field region shown in Fig. 1(e) . From the figure, one can see clearly that there is more than one oscillation mode. In other cases, a single damped sinusoidal function (A 2 = 0) is applied to give a good fit to the curves. ϕ 0 is the initial phase of magnetization precession and B(t) represents the background accounting for the slow recovery of the magnetization, which is very weak in our measurement. The best fitted lines are plotted in Fig. 1(b) and Fig. 1 by solid red lines showing the fitting function to be a good representation of the experimental results. The first dominating mode (i = 1) observed in both films is the magnetic uniform precession mode obeying the LandauLifshitz-Gilbert (LLG) equation while the second mode (i = 2) which is only present in the annealed film is the first-order PSSW. The possibility of the DE mode is excluded because this surface mode is only observed in very thick film and under the condition that the penetration or skin depth of the probe beam is sufficiently small to detect this surface spin wave. Although our sample is of 50 nm thickness, the penetration depth of Fe 3 O 4 is greater than 100 nm for a 400 nm wavelength probe beam due to the small conductivity of Fe 3 O 4 compared to a transition metal [30] .
Thus, the frequency f 1 and the relaxation time τ 1 of the Kittel mode are obtained with different external fields for both samples. It is shown in Fig. 2(a) (Fig. 2 purple square symbols) , on the other hand, emerges in the annealed film for sufficiently large applied field. Comparing the relaxation times of these two modes, they exhibit completely different field dependence. The relaxation time of the PSSW mode τ 2 increases dramatically with increasing field while that of the Kittel mode τ 1 decreases. Noting the increase of Kittel mode relaxation time τ 1 with field for the as-grown sample, the corresponding decrease for the annealed sample indicates that energy is transferred from the uniform precession mode to the PSSW mode. This inter-mode energy transfer will also be illustrated by the behaviour of the damping parameter.
The fitted frequency f 1 of the Kittel mode (see Supplemental Material) as a function of external magnetic field for both samples is plotted in Fig. 2(b than the as-grown film. This means a better single crystal structure in the annealed film accounting for the improvement of the quality and performance of the annealed film.
The best fitted f 2 as a function of applied field is also plotted in Fig. 2(b) and the extracted value of the exchange stiffness constant A is 1.470 ± 0.015 µerg/cm which is comparably close to the reported value as A = 1.19 µerg/cm estimated from exchange coupling constant [32] . If we substitute K u , K c , L and M s of as-grown film as well as the extracted A from annealed film into Eq. (S10) in the supplementary material, the field dependence of the frequency of PSSW in as-grown film is estimated (dashed line in Fig. 2(b) ). However, this mode is not observed, neither in the TR-MOKE results ( Fig. 1(b) ) nor the corresponding Fourier spectrum (Fig. 3(a) ). Therefore, as expected, the PSSW mode is observed in the single crystal annealed Fe 3 O 4 film without defects and is not present in the as-grown film due to magnon scattering induced by a high density of defects, as illustrated in left half of Fig. 4 . The fact that the PSSW mode is not observed in the low field region can attribute to magnon scattering due to magnetic inhomogeneities.
Fourier analysis is used to explore the observed multiple-mode oscillations, Fig. 3(a) shows the frequency spectrum for the as-grown film, which shows a single uniform precession mode. In Fig. 3(b) , from the Fourier spectrum of the annealed film, one can observe a main peak referring to the uniform precession (Kittel) mode (first mode) and two extra high-frequency modes. The second mode (red dashed line) is the PSSW mode as previously discussed. Unexpectedly, a very weak third mode (blue dashed line) is found which is field-independent and with a frequency of ∼ 95.8 GHz. The origin of the third mode is not from the film itself but from the interface between Fe 3 O 4 film and substrate, namely coherent acoustic phonon (CAP). Details of the CAP mode is explained in supplemental material while the CAP mode is not observed in the as-grown film may because of phonon diffraction caused by defects. In further support of the experimental data a model based on the Landau-Lifshitz-Bloch (LLB) [33] [34] [35] [36] equation has been used to replicate the results, to both support the experiment and gain further insight into the cause of the additional peaks seen in the Fourier spectrum. To model the Fe 3 O 4 thin film a Voronoi construction was implemented to simulate the granular structure, with approximately three thousand 10 nm cells in the x-y plane and eight 10 nm cells in the z-axis, resulting in a system that is 500 nm by 500 nm in the x-y plane and 80 nm in the z-axis, with periodic boundary conditions. The cells that simulate the domain structure of the thin film are strongly exchange coupled comparable with the bulk exchange coupling for Fe 3 O 4 , resulting in the system acting as a single macro-spin. The restoring applied field was set at an angle of 50
• from the z-axis into the y-axis. The system was first allowed to equilibrate at a high temperature of 600 K, at which point the temperature was lowered to 300 K in a single step, in order to cause the magnetization to return to the temperature dependent equilibrium position, so that the oscillating magnetization could be observed.
The as-grown thin film showed significant defects running in the x-y plane, resulting in a layered structure. It is believed that these defects will result in a significant reduction in the inter-granular exchange between the observed layers. This effect is simulated by removing the exchange between the cells in the z-axis and the only exchange between the cells in the x-y plane remains. After the thin film has undergone the annealing process the structure of the thin film is seen to change as the defects are removed. To simulate the annealed case the exchange between the layers is introduced to account for the removal of the defects. The same set of experiments are undertaken with the annealed thin film to recover the second spin wave mode. Comparing the magnetisation time sequence results of both film, shown in Fig. 3(c) , it is demonstrated that there is a phase mismatch between these two curves caused by the extra mode in the annealed film. Also, the second peak is observed in the cor-responding Fourier spectrum in the annealed film, similar to the experimental results. The effects of the second spin wave mode are not as pronounced as was seen in the experimental data. This is likely due to the model not correctly accounting for the exact parameterisation for Fe 3 O 4 . However, this result confirms the present of a standing wave moving in the z-axis in addition to the standard Kittel precession moving across the thin film in the x-y plane. Now, the effective damping constants α eff are derived from the Kittel mode using [11, 37, 38] 
which are illustrated in Fig. 2(c) . The effective damping constant α eff in both films decreases significantly with increasing applied field. This field dependence of the effective damping is commonly observed and explained. Normally, the effective damping constant consists of intrinsic and extrinsic components and the extrinsic damping mainly comes from magnetic inhomogeneity or two magnon scattering. In the low magnetic field region, the effective field is dominated by the spatially fluctuating anisotropy field which leads to increased damping, while in the high field region the effect of anisotropy field becomes weak since the external field dominates and hence the magnetic inhomogeneity reduces along with the damping constant [29, 39, 40] . In our measurement, the effective damping constant of annealed Fe 3 O 4 film is smaller than that of the as-grown film under small applied field. This is consistent with the larger damping associated with lattice defects introduced by APBs or other defects present in the as-grown film. However, an intriguing finding is that when the applied field is strong enough, α eff of as-grown film becomes smaller than α eff of annealed film. Also, the difference of the field dependence between both films is clear. In the as-grown film, only the uniform precession mode is observed, so that the other spin wave effect can be ruled out. Thus, in the high field region, the extrinsic contribution to the effective damping becomes weak. In the annealed film, however, the observed PSSW mode contributes, coupled by the corresponding excited magnon, to the damping making a larger effective damping. As a result, in the low field region, the effective damping in as-grown Fe 3 O 4 film is larger than in the annealed film because of high density of defects while in the high field region the effective damping in annealed film is larger due to the existence of the additional perpendicular standing spin wave mode. Derived from the phenomenological fitting by a single exponential decay, the estimated high field limit of α eff reaches the value α 0 = 0.039 ± 0.004 for the asgrown and α 0 = 0.063 ± 0.010 for the annealed film. As discussed above, the contribution of magnetic inhomogeneities is reduced in high external field where the extrinsic term of damping is of less importance. Thus, the high field limit α 0 is always considered as, to some extent, the intrinsic Gilbert damping constant, or at least, an upper bound for it. Therefore, because of the existence of the excited magnon, the effective damping constant in the high field limit α 0 is increased by ∼ 62% in the annealed Fe 3 O 4 film compared to the as-grown film. Furthermore, in our measurements, this large enhancement of damping constant after the annealing process is clearly demonstrated by presence of an additional spin wave mode. In addition, the reported estimated value (or upper bound) of the intrinsic Gilbert damping α 0 = 0.037 ± 0.001 is almost same as our result in the as-grown film so that it is reasonable to suggest that the defect condition of the film measured in Ref. 18 is at a comparable level to our as-grown Fe 3 O 4 film. The large α 0 in the annealed film is associated with energy transfer from the Kittel mode to the PSSW mode because the damping constant basically reflects the rate of energy dissipation. Intrinsic energy dissipation together with energy transfer to the PSSW mode, or the coupling between excited magnon and uniform spin precession, leads to a larger Gilbert damping in the annealed film even though it has less defects.
As illustrated in Fig. 4 , with high applied field, uniform precession (Kittel mode) is found in both films while the perpendicular standing spin wave (PSSW mode) is exclusively observed in the annealed film. This is caused by the effect of defect-induced magnon scattering in the as-grown film which does not exist in defect-free single crystal annealed film. Importantly, the Gilbert damping constant of annealed Fe 3 O 4 film is increased by 62% compared to the as-grown film (α 0 = 0.039 ± 0.004) because of the existence of the PSSW mode, i.e. the corresponding excited magnon. An inter-mode energy transfer, through the coupling between excited magnon and uniform precession, is found in the annealed sample as   FIG. 4 . Without defect-induced magnon scattering, the PSSW is observed in annealed Fe3O4 film along with coherent Kittel magnetic precession. The Gilbert damping is increased in annealed Fe3O4 film compared to as-grown film due to the additional energy transfer channel from Kittel mode to PSSW mode.
evidenced by the following facts: (a) the decreasing relaxation time of the Kittel mode with increasing relaxation time of the PSSW mode; (b) the large α 0 of annealed film due to extra spin wave mode.
In summary, the dynamic damping properties of the epitaxial grown Fe 3 O 4 films with controlled atomic scale structures have been studied by all-optical TR-MOKE. The effect of the PSSW mode on the effective damping of the uniform process has been unambiguously demonstrated. The Gilbert damping constant of the defect free film was found to be much larger than that of the film with defects, and this enhancement was attributed to the energy transfer from the Kittel mode to the PSSW mode in the defect free Fe 3 O 4 . Our work shows clearly the effect of the magnon excitation on the uniform spin precession, which offers some insights into engineering the Gilbert damping constant for spintronics applications including STT-MRAM and spin oscillators.
